ApoE Receptor 2 (ApoER2) and the very low density lipoprotein receptor (VLDLR) are type I transmembrane proteins
belonging to the LDLR family of receptors. They are neuronal proteins found in synaptic compartments that play an important role in neuronal migration during development. ApoER2 and VLDLR bind to extracellular glycoproteins, such as Reelin and F-spondin, which leads to phosphorylation of adaptor proteins and subsequent activation of downstream signaling pathways. It is thought that ApoER2 and VLDLR undergo clustering upon binding to their ligands, but no direct evidence of clustering has been shown. Here we show strong clustering of ApoER2 induced by the dimeric ligands Fc-RAP, F-spondin, and Reelin but relatively weak clustering with the ligand apoE in the absence of lipoproteins. This clustering involves numerous proteins besides ApoER2, including amyloid precursor protein and the synaptic adaptor protein PSD-95. Interestingly, we did not observe strong clustering of ApoER2 with VLDLR. Clustering was modulated by both extracellular and intracellular domains of ApoER2. Together, our data demonstrate that several multivalent ligands for ApoER2 induce clustering in transfected cells and primary neurons and that these complexes included other synaptic molecules, such as APP and PSD-95.
Apolipoprotein E Receptor 2 (ApoER2) and the very low density lipoprotein receptor (VLDLR) 2 are type I transmembrane proteins belonging to the LDLR family of receptors (1, 2) . They are neuronal proteins found in synaptic compartments (3, 4) that play an important role in neuronal migration during development (5, 6) . Knockout of either ApoER2 or VLDLR leads to relatively mild impairments in neuronal migration, but double knockouts show gross neuronal migration abnormalities in the cortex, hippocampus, and cerebellum (3, 5) . Both ApoER2 and VLDLR also affect synapses, increasing the density of dendritic spines in vitro and in vivo (4, 7) .
The neuronal migration deficits of ApoER2 VLDLR double knockout mice are similar to deficits in mice with mutations in either the Reelin or Dab1 genes (3, 8) . These molecules are associated mechanistically in that activation of ApoER2 and VLDLR by the extracellular matrix protein Reelin leads to phosphorylation of its intracellular adaptor protein Dab-1 (6, 8, 9) . ApoER2 and VLDLR also bind extracellularly to a number of other molecules through ligand binding repeats in their N termini, such as apolipoprotein E (apoE) (10) . One of the other extracellular ligands is F-spondin (11, 12) , important in axon guidance during development (13) . Intracellularly, ApoER2 and VLDLR also bind several other adaptor proteins, affecting numerous downstream signals, including Src tyrosine kinases and PKB/AKT pathways (14 -18) .
Little is known about the signaling mechanisms of Reelin and F-spondin. Reelin is a glycoprotein that is secreted in the embryonic cortex by Cajal-Retzius cells and in the adult by interneurons (2, 19) . Reelin has an N-terminal domain important for dimerization, eight repeats of about 350 amino acids, and a C-terminal domain of 32 amino acids (20, 21) . The Reelin repeats interact with the ligand-binding domain of ApoER2 (22) . Reelin induces long term potentiation (LTP) in hippocampal neurons (23) and plays important roles in synaptic plasticity, memory, and learning (3, 24, 25) . Similarly, F-spondin is a secreted glycoprotein. It has an N-terminal domain similar to Reelin, a central spondin domain, and six thrombospondintype repeats (26, 27) . The F-spondin thrombospondin repeats interact with the ligand-binding domain of ApoER2 (11) . Besides ApoER2 and VLDLR, both Reelin and F-spondin also bind to the amyloid precursor protein (APP) and affect its processing (28 -30) . APP is transmembrane protein also present in synapses (25, 31) . It undergoes regulated extracellular and intramembranous cleavage to generate the A␤ peptide that accumulates in Alzheimer disease brains (32) .
Cell signaling through type I transmembrane proteins often requires receptor clustering (e.g. epidermal growth factor receptor (EGFR), Trk receptors, ephrins, and Toll-like receptors (33) (34) (35) (36) ). Many of these receptors have N-terminal domains that bind multivalent ligands and catalyze subsequent signaling through receptor autophosphorylation and phosphorylation of tyrosine kinase substrates. Reelin and F-spondin are both oligomeric/dimeric ligands (21, 27, 37) , and both promote intracellular signaling cascades (12, 38 -42) . Here we show strong clustering of ApoER2 induced by F-spondin and Reelin but relatively weak clustering with the ligand apoE. This clustering involves numerous proteins besides ApoER2, including APP and the synaptic adaptor protein PSD-95. Interestingly, we did not observe strong clustering of ApoER2 with VLDLR.
EXPERIMENTAL PROCEDURES
Plasmids and Vectors-Constructs of murine ApoER2 and human VLDLR cDNAs are shown in Fig. 1 . Construct 1 is fulllength murine ApoER2 without a tag in the p3GFLAG vector under the CMV promoter. Constructs 2, 3, and 4 are full-length murine ApoER2 constructs fused at either the C or N terminus with myc or HA tags: construct 2, ApoER2 construct with C terminus HA tag (ApoER2-HA); construct 3, ApoER2 with C terminus myc tag (ApoER2-myc); and construct 4, N terminus HA tag and C terminus myc tag (HA-ApoER2-myc). Construct 5 is the human ApoER2 construct missing the ligand-binding repeats. This construct has the endogenous signal peptide, the EGF-like domain, the glycosylation domain, the transmembrane domain, and the C terminus cytoplasmic domain (ApoER2-⌬LBD). Construct 6 is an ApoER2 construct missing the C terminus cytoplasmic domain. It has only the first 11 amino acids of the cytoplasmic domain. This construct has an N terminus HA tag (ApoER2-HA⌬ICD). Construct 7 is human VLDLR-myc in the pSEC, tag2 hygro plasmid under the CMV promoter. All constructs have either the endogenous ApoER2 or VLDLR signal peptides (constructs 1-7) to direct protein expression to the endoplasmic reticulum. All DNA sequences were confirmed by sequencing. The plasmid expressing Fc-RAP containing a V5 tag was a gift from Joachim Herz (43) . Full-length PSD-95 was expressed with a C-terminal GFP tag.
Proteins-Purified recombinant human F-spondin and mouse Reelin were obtained from R&D Biosystems (Minneapolis, MN). Recombinant human apoE was purchased from Sigma-Aldrich (St Louis, MO). These forms of apoE were primarily monomeric, as determined by immunoblots (44) . Human plasma HDL was purchased from Millipore (Billerica, MA). Purified receptor-associated protein (RAP) was a gift from Dr. Guojun Bu (Mayo Clinic, Jacksonville, FL). Fc-RAP was isolated from the medium of COS-7 cells transiently transfected with the Fc-RAP construct for 48 h. The medium was collected, treated with protease inhibitors (Promega, Madison, WI), and incubated with protein A-Sepharose beads (Millipore) overnight to precipitate Fc-RAP. The beads were washed three times with TBS-T buffer (TBS with 1% Tween), and the Fc-RAP was eluted in 100 mM glycine buffer at pH 1.9 using Polyprep chromatography columns (Bio-Rad). Elution fractions were collected to identify the presence of Fc-RAP via immunoblot analyses with mouse V5 antibody (Invitrogen). The glycine buffer was dialyzed against PBS using Millipore dialysis cassettes.
Antibodies-The following antibodies were used: anti-ApoER2 (rabbit monoclonal, 1:1000) and anti-HA (mouse, monoclonal, 1:1000) from Abcam (Cambridge, MA); anti-Myc (rabbit polyclonal, 1:1000); anti-V5 tag; (mouse monoclonal, 1:1000) from Invitrogen; anti-VLDLR antibodies (5F3, mouse monoclonal), a gift from Dr. Dudley Strickland; Ab74 (mouse monoclonal), a gift from Dr. Johannes Nimpf; anti-Dab-1 (rabbit polyclonal, 1:1000) from Abcam; and anti-PSD95 (mouse polyclonal, 1:1000) from Millipore. APP C-terminal mouse monoclonal antibody C.1 was from Paul Mathews.
Cell Culture-For transient transfections, COS-7 cells were maintained in DMEM (Sigma-Aldrich) with 10% FBS (Invitrogen) at 37°C and 5% CO 2 . For primary neuronal cultures, cortical neurons were isolated from Sprague-Dawley rats at embryonic days 18 and 19. The cortical cultures were plated in Neurobasal medium (Sigma-Aldrich) supplemented with 2% B-27, 1% penicillin/streptomycin, 0.25% 100 ϫ glutamine, and 0.1% of 10 mM glutamate (Invitrogen) on poly-D-lysine-coated plates at density of 200,000 cells/ml. The medium was changed after 5 days in vitro and supplemented with Neurobasal medium minus glutamate. For cortical cells grown on coverslips, the coverslips were acid-treated, coated with poly-D-lysine, and plated at 150,000 cells/ml. Primary neurons were treated at 21 days in vitro for most assays.
Transfections-COS-7 cells were grown in DMEM with 10% fetal bovine serum prior to transfections and transiently transfected with ApoER2 and VLDLR constructs (1 g of DNA) with FuGENE in serum-free medium (Promega) according to the protocol of the manufacturer. 24 h post-transfection, cells were treated with the noted concentrations of F-spondin, Reelin (500 ng/ml), recombinant apoE3, and apoE4 (5g), purified Fc-RAP, and purified RAP (3 g) in serum-free medium for 1 h.
Immunoprecipitation and Immunoblotting-Cultured cells were lysed in immunoprecipitation (IP) buffer (1 mM Tris-HCl (pH 8), 150 mM NaCl, 0.5% Triton X-100, 1ϫ protease inhibitor, and phosphate inhibitor mixtures), and lysates were stored at Ϫ20°C. Cellular protein was measured by BCA assay (Bio-Rad). For IPs from transfected COS7 cells, 50 -100 g of protein was used. HA-ApoER2 was immunoprecipitated using 45 l of protein G-Sepharose beads (Millipore) diluted 1:1 in IP buffer and 1 l of HA mouse monoclonal antibody (Abcam) at 4°C overnight. For immunoprecipitations from primary neurons, 150 g of cellular protein was used, with protein A-Sepharose beads (Millipore) diluted 1:1 in IP buffer and 1 l of ApoER2 antibody. In both assays, the beads were centrifuged at 3000 rpm and washed four times in IP buffer at 4°C. The beads were suspended in Laemmli buffer with 5% ␤-mercaptoethanol (65 l), heated at 95°C for 5 min, and then 20 l were loaded on 8% polyacrylamide gels.
For immunoblot analyses, 25-50 g of protein was separated on 8% polyacrylamide gels. Proteins were transferred to nitrocellulose membrane (Bio-Rad), blocked in 5% nonfat milk for 1 h, and incubated with primary antibody overnight. The blots were treated with secondary antibody and developed using SuperSignal West Pico or Dura luminol/enhancer solution (Thermo Scientific, Lafayette, CO) on x-ray films. Films were developed and quantified using ImageJ software.
Statistical Analysis-Data are plotted as mean Ϯ S.D. Statistical analysis was performed using two-tailed unpaired Student's t test (*, p Ͻ 0.05; **, p Ͻ0.01; ***, p Ͻ 0.001 compared with controls).
RESULTS

Dimeric Ligands Induce ApoER2
Clustering-Reelin is thought to induce clustering of ApoER2 and VLDLR and subsequent phosphorylation of Dab-1 (43) , but direct evidence of clustering has been lacking. To measure receptor clustering, we generated several different ApoER2 and VLDLR constructs with or without tags ( Fig. 1 ). To measure whether ApoER2 formed homodimers, we used full-length ApoER2 without a tag and ApoER2 with a C-terminal HA tag ( Fig. 2A ). We first tested whether the antibodies against the C terminus of ApoER2 and against HA showed any cross-reactivity. COS-7 cells were transfected with either construct, and then cell lysates were probed with the two antibodies. As expected, the HA antibody detected only the species of ApoER2 with the HA tag, and the C-terminal ApoER2 antibody (␣-ER2) detected only the species of ApoER2 with an untagged C terminus ( Fig. 2B ). ApoER2 appears as double bands in our blots, which is characteristic of ApoER2. The double band represents the differentially glycosylated form of ApoER2 (45, 46) .
To measure whether we could use these constructs to detect ligand-induced clustering of ApoER2, we first isolated Fc-RAP protein (Fig. 2C ). The RAP protein binds ApoER2 avidly, and the RAP sequence was cloned behind the human Fc sequence to generate a dimeric RAP ligand (43) . We purified Fc-RAP prepared from conditioned medium from transfected COS-7 cells using protein A-Sepharose beads and analyzed the purified protein by immunoblotting ( Fig. 2D ). Reduced Fc-RAP ( Fig. 2D , first lane) was the expected 80 kDa in size, whereas non-reduced Fc-RAP (second lane) was greater than 150 kDa in size, indicative of the expected dimeric form. To measure whether Fc-RAP induced ApoER2 clustering, we transfected COS-7 cells with HA-tagged and untagged ApoER2 and, 24 h later, treated cells with Fc-RAP for 1 h. Cell lysates were immunoprecipitated with an HA antibody and immunoblotted with the ␣-ER2 antibody ( Fig. 2E ). We observed untagged ApoER2 molecules precipitating with HA-tagged ApoER2 in the absence of treatment ( Fig. 2E , first lane, C), but the amount of coprecipitation increased dramatically in the presence of Fc-RAP (second and third lanes). Purified untagged (monomeric) RAP did not induce co-precipitation of ApoER2 constructs ( Fig. 2E , fourth lane). Quantification of the blots showed that Fc-RAP treatment induced ϳ10-fold more clustering compared with control or RAP treatment ( Fig. 2F ).
Because we detected some basal clustering in the absence of ligands, we hypothesized that spontaneous clustering may occur because the two proteins colocalized in the same cellular compartments. To test this hypothesis, we examined the Ephrin receptor A7 (EphA7), which is also localized in lipid rafts (47) . COS-7 cells were either cotransfected with Epha7-HA and ApoER2 or transfected with ApoER2-HA and ApoER2 constructs and then treated with Reelin. Cell lysates were immunoprecipitated with an HA antibody and immunoblotted with the ApoER2 antibody ( Fig. 2G ). We did not detect any clustering of EphA7 with ApoER2, whereas ApoER2-HA clustered with ApoER2 (as before) ( Fig. 2G ).
We next tested whether natural ligands for ApoER2 were also able to induce receptor clustering. Reelin is an extracellular glycoprotein that plays a role in neuronal migration (19, 48) . F-spondin is a secreted protein involved in axonal growth (13) . Both ligands have domains to induce dimerization (27, 37) , and both bind ApoER2 and VLDLR and activate Dab-1 phosphorylation (6, 11, 12, 19, 39, 41) . As above, we transfected COS-7 cells with HA-tagged and untagged ApoER2 and treated the cells for 1 h with ligand. F-spondin ( induced receptor coprecipitation without affecting total ApoER2 levels. We conducted similar experiments using ApoER2 constructs tagged with either HA or myc ( Fig. 1 ). Both F-spondin ( Fig. 3A) and Reelin ( Fig. 3B ) induced coprecipitation of these forms of ApoER2. Negative controls with IgG antibody showed the specificity of HA antibody and the background level of coimmunoprecipitation. Quantification of these blots showed that F-spondin and Reelin both induced significant, 10-to 15-fold increases in clustering of ApoER2 ( Fig. 3C ).
We tested whether the ApoER2 ligand apoE also induced clustering of ApoER2. We treated COS-7 cells transfected with HA-tagged and untagged ApoER2 with recombinant apoE3 or apoE4 for 1 h (Fig. 3D ). The cell lysates were immunoprecipitated with HA antibody and immunoblotted with ApoER2 antibody. ApoE3 induced a 2-fold increase in clustering of ApoER2, whereas apoE4 induced a similar, 1.6-fold increase in clustering ( Fig. 3E ). However, compared with F-spondin and Reelin, recombinant apoE was a poor ligand for inducing clustering of ApoER2. These data suggest that apoE may not be as strong a signaling molecule as Reelin or F-spondin in this pathway.
We were interested in whether lipidated apoE might provoke a different response compared with purified apoE. Lipidated apoE binds with higher affinity to ApoER2, and the functional biological activity of apoE particle is optimum when it is lipi- dated (49) . We treated COS7 cells transfected with HA-tagged and untagged ApoER2-HA with human plasma HDL with and without apoE3 ( Fig. 3F ). HDL alone did not induce ApoER2 clustering, but apoE in the presence of HDL strongly increased ApoER2 clustering. This clustering seemed dependent on the amount of HDL with apoE, suggesting that the stoichiometry of the lipoprotein-apoE complex is important for receptor clustering.
Next, we determined whether there was a dose-dependent, ligand-induced increase in the clustering of ApoER2. COS-7 cells transfected with HA-tagged and untagged ApoER2 constructs were treated with increasing doses of F-spondin (50 -500 ng/ml) ( Fig. 3G ). We detected a dose-dependent effect of F-spondin on clustering of ApoER2. There was detectable clustering at the lowest dose of 50 ng/ml, with increasing clustering observed through the maximum dose of 500 ng/ml.
Domains of ApoER2 in Clustering-
To determine which domains of ApoER2 are required for clustering, we generated two deletion mutants of ApoER2. One construct, ApoER2-⌬LBD, has a C-terminal myc tag and lacks the ligand binding repeats (Fig. 1) . The second construct, ApoER2-HA⌬ICD, has an N-terminal HA tag, the entire extracellular domains, and transmembrane domains but has only the first 11 amino acids of the cytoplasmic domain of ApoER2. Cells were transfected with these ApoER2 constructs or full-length ApoER2 constructs, along with Dab-1, and treated with F-spondin or Reelin for 1 h. Each version of ApoER2 was well expressed in cells, demonstrating the expected sizes, and the levels did not vary with treatments (Fig. 4B ). As expected, F-spondin and Reelin induced clustering of full-length ApoER2 (Fig. 4A, first panel) . F-spondin and Reelin also induced clustering of full-length ApoER2, with ApoER2 lacking the ligand-binding domain (Fig. 4A, second panel), or ApoER2 lacking the cytoplasmic domain ( Fig. 4A, third panel) . Finally, we observed a small amount of ligand-induced clustering of the form of ApoER2 lacking the ligand binding domain clustered with the version lacking the cytoplasmic domain ( Fig. 4A, fourth panel) . These results are quantified in Fig. 4C . F-spondin and Reelin induced a 9-to 12-fold induction of clustering of full-length ApoER2 but only a 5-to 6-fold induction of clustering of full-length ApoER2 with the form lacking the cytoplasmic domain, and an ϳ4to 5-fold induction of clustering of full-length ApoER2 with the form lacking the ligand-binding repeats. These two deletion mutants of ApoER2 clustered with each other, but only at levels of about 3-fold above the background. Thus, removal of either the extracellular ligandbinding domain or the intracellular domain still allows ligand-induced clustering with full-length ApoER2.
As the construct of ApoER2 lacking a large part of the LBD clustered with the full-length ApoER2, we decided to test whether this construct inhibited the clustering of full-length ApoER2 constructs. COS-7 cells were transfected with fulllength ApoER-HA and increasing concentrations of ApoER2-⌬LBD. Transfected cells were treated with Reelin for 1 h. At lower concentrations, ApoER2-⌬LBD did not inhibit clustering of full-length ApoER2 (Fig. 4D ). Increasing the concentration of ApoER2-⌬LBD significantly reduced the clustering of fulllength ApoER2 by Reelin compared with the empty vector. ApoER2-⌬LBD also reduced the basal level of ApoER2 clustering ( Fig. 4D) . These data suggest that ApoER2-⌬LBD acts as a dominant negative molecule to inhibit clustering of ApoER2. It would be interesting to see how the ApoER2-⌬LBD construct would affect downstream signaling of ApoER2 receptors.
Clustering Partners of ApoER2-Using similar assays, we tested whether APP, VLDLR, or PSD-95 could cluster with ApoER2. We tested the interactions between APP and ApoER2 first because several studies have found that these transmembrane molecules interact (11, 28, 30) . Initially, we treated primary cortical neurons with F-spondin or Reelin for 1 h and immunoprecipitated the endogenous ApoER2. Probing for endogenous APP revealed that F-spondin and Reelin induced ϳ12-fold and 10-fold clustering of ApoER2 and APP (Fig. 5, A and C). We tested whether this clustering also occurred in COS-7 cells after transfection with ApoER2 and APP-HA constructs. In COS-7 cells, F-spondin and Reelin each similarly induced an ϳ6-fold induction of clustering of ApoER2 and APP (Fig. 5, B and C) .
ApoER2 and PSD-95 are known to interact with each other through the cytoplasmic domain of ApoER2 (3, 18) . Using our cortical neurons, we tested whether F-spondin and Reelin pro- moted the interaction of these two proteins. Both of these ligands induced an ϳ6-fold greater interaction of ApoER2 with PSD-95 ( Fig. 5, D and E) . These results suggest that ApoER2 forms clusters with itself and may form larger clusters that can include other proteins, such as APP and PSD95.
We also determined whether Reelin could induce the interaction of APP and PSD95 because Reelin binds directly to APP (50, 51) . Reelin induced the coimmunoprecipitation of APP and PSD95 in primary neurons (Fig. 5F) . We determined whether this interaction between APP and PSD95 was dependent on ApoER2. COS-7 cells expressing APP-HA and PSD95-GFP, with or without full-length ApoER2, were treated for 1 h with Reelin. Reelin induced APP interaction with PSD95 by ϳ2.5fold independently of ApoER2 (Fig. 5, G and H) , although the presence of ApoER2 alone increased the basal interaction of APP and PSD95 by a similar amount. In the presence of ApoER2, Reelin induced the interaction of APP and PSD95 by an additional 8-fold (Fig. 5, G and H) . These data also suggest that clustering induced by Reelin includes ApoER2 and other receptors to form larger complexes.
Next we determined whether recombinant ApoE3 and ApoE4 could induce clustering of APP and PSD-95 with ApoER2. In COS-7 cells expressing APP-HA and ApoER2, ApoE3 and ApoE4 induced a nearly 2-fold increase in clustering of APP and ApoER2 (Fig. 5I ). This increase in clustering was similar to the clustering of ApoER2 alone (Fig. 3) . Primary neurons treated with recombinant ApoE3 and ApoE4 also showed an ϳ2-fold increase in clustering of ApoER2 with APP and a 1.6-fold increase in clustering of ApoER2 with PSD-95 ( Fig. 5J ).
Finally, we investigated the clustering of ApoER2 with VLDLR because of their interactions in promoting the Reelerlike phenotype in development. To determine whether ApoER2 clustered with VLDLR, we used COS-7 cells and transfected them with ApoER2-HA and VLDLR-myc constructs. Surprisingly, F-spondin and Reelin did not induce a significant increase in clustering of ApoER2 and VLDLR (Fig. 5K) . We also examined primary cortical neurons using an antibody against the endogenous VLDLR. Similarly, we did not detect clustering of ApoER2 and VLDLR in primary cortical neurons (data not shown). It is possible that ApoER2 and VLDLR are present in different membrane domains and, hence, do not cluster. For example, ApoER2 is found mostly in membrane lipid rafts, whereas VLDLR is not (52) .
DISCUSSION
Our data demonstrate that clustering of ApoER2 is induced by the multivalent ligands F-spondin and Reelin. We initially examined clustering of ApoER2 by the synthetic dimeric ligand Fc-RAP, which has been found previously to induce phosphorylation and oligomerization of Dab-1 (43) . We observed strong clustering of ApoER2 by Fc-RAP, suggesting that our assay was sensitive for detecting regulated receptor clustering. We next tested F-spondin and Reelin, both of which bind to ApoER2 (11, 12, 19) and are important in embryonic development (2, 5, 6, 13) . Both F-spondin and Reelin induced clustering of ApoER2, a potential signaling mechanism related to the function of these molecules in the developing brain.
Clustering of receptors allows activation of intracellular signaling cascades. This method of signaling is used by a number of transmembrane molecules, such as EGFR, Trk, and Ephrin receptors (33, 34, 36) . These receptors have C-terminal domains that catalyze autophosphorylation and subsequent phosphorylation of other tyrosine kinase substrates. Like ApoER2, these receptors can be activated by multivalent ligands, such as EGF, neurotrophins, and ephrins. Interestingly, Reelin also induces the homotypic clustering of ephrin receptors (53) . Activation of ApoER2 and VLDLR by Reelin leads to phosphorylation of Dab-1 and activation of downstream signal- A, COS-7 cells were transfected with ApoER2-HA and ApoER2-myc, with ApoER2-HA and ApoER2⌬LBD, with the ApoER2 and ApoER2-HA-⌬ICD constructs, or with the ApoER2-HA⌬ICD and ApoER2-⌬LBD constructs and treated with vehicle control (C), F-spondin (Fs), or Reelin (Rl) for 1 h. The cell lysates were immunoprecipitated with HA antibody and blotted with myc antibody or ApoER2 antibody. B, total levels of full-lengthApoER2, HA⌬ICD, and ApoER2-⌬LBD were unchanged with treatments. C, levels of clustered ApoER2 and ApoER2 mutants were quantified using ImageJ software and plotted as fold induction to the untreated control. Data are mean Ϯ S.D.; n ϭ 3. *, p Ͻ 0.05; ***, p Ͻ 0.0005. D, COS-7 cells were transfected with ApoER2-HA and ApoER2 constructs with increasing concentrations of ApoER2⌬LBD (0.5, 0.7, and 1 g), and the cells were treated with Reelin for 1 h. Increasing concentrations of empty vector (0.5, 0.7, and 1 g) were used as a control. Cell lysate proteins were immunoprecipitated with anti HA antibody and immunoblotted (IB) with anti-ApoER2 antibody. The total levels of ApoER2-⌬LBD were determined by anti-myc antibody, and tubulin was used as a control.
ing pathways (6, 14) . However, because ApoER2 has no intrinsic tyrosine kinase activity, it must signal through a kinase independent of the receptor. One possibility is the tyrosine kinase Fyn, which interacts with the cytosolic domain of ApoER2 (39, 54, 55) . Fyn knockout mice show subtle abnormalities in embryonic neuronal migration (56) , further supporting a role of Fyn in ApoER2 signaling during development.
Activation of Src family tyrosine kinases and the PKB/AKT pathway causes deactivation of glycogen synthase kinase (GSK3␤) and prevents hyperphosphorylation of Tau (57) (58) (59) . Hyperphosphorylated Tau is increased in Reelin-deficient mice, in ApoER2, in VLDLR double knockout mice, and in Dab-1 mutant mice, suggesting that Tau phosphorylation is involved in this Reelin/apoER2/VLDLR/Dab-1 pathway (60) . Like Reelin, F-spondin activation leads to phosphorylation of Dab-1 (12) , although the subsequent downstream signaling is less defined. The connection between downstream signaling and clustering is very complex.
Ligand binding is thought to induce clustering of many cell surface receptors, including EGFR, T cell receptors, Ephrin receptors, and Toll-like receptors (33, 34, 61, 62) . Receptor clustering is dependent on many aspects, such as ligand affinity, ligand dissociation, the size of ligands, and the concentration of coactivators (63) (64) (65) (66) . In the case of the B cell receptor and T cell receptor clusters, the mobility of the ligand also affects the clus-tering of these receptors (67, 68) . The receptor clustering creates centers of signaling, with larger clusters corresponding to increased signaling events (69 -71) . We observed the formation of complex clusters of molecules by the oligomeric ligands Reelin and F-spondin. EGFR dimerization leads to the formation of higher order clusters through extracellular and intracellular interactions (70) , as we propose here for ApoER2. In addition to homotypic EGFR clustering, there is heterotypic clustering involving other receptors and proteins in larger clusters (70, 72) . Recent studies have highlighted the importance and physiological significance of clustering and downstream signaling in many diseases (62, 65, 73) .
We found that Reelin or F-spondin could induce the clustering of ApoER2. In development, the Reelin-ApoER2/VLDLR-Dab1 pathway is necessary for the inside-out layering of the neocortex and the proper neuronal organization of the hippocampus and cerebellum (5) . ApoER2 and VLDLR have distinct role in these developmental pathways. ApoER2 knockout mice showed that early layers of cortex were formed normally, whereas the formation of superficial late layers was affected severely. These data suggest that ApoER2 signaling plays a role in the formation of late generation neurons (5) . VLDLR knockout mice showed neurons migrating in the marginal zone, suggesting that VLDLR may act as a stop signal for migrating neurons (5) . The lack of evidence of ApoER2-VLDLR heterodimers FIGURE 5 . Clustering partners of ApoER2. A, primary neurons at day 21 were treated with vehicle control (C), F-spondin (Fs), or Reelin (Rl) for 1 h (500 ng/ml). The cell lysates were immunoprecipitated using anti-ApoER2 antibody and blotted (IB) with anti APP (C1) antibody. B, COS-7 cells were transfected with a full-length ApoER2 construct and an APP-HA construct. The cell lysates were immunoprecipitated with HA antibody and immunoblotted with ApoER2 antibody. The total levels of ApoER2 and APP were unchanged in both primary neurons and COS-7 cells. C, levels of clustered ApoER2 and APP from primary neurons (PN) or COS-7 cells were quantified using ImageJ software and plotted as fold induction to the untreated control. Data are mean Ϯ S.D.; n ϭ 3. *, p Ͻ 0.05; ***, p Ͻ 0.0005. D, primary neurons at day 21 in vitro were treated with F-spondin or Reelin for 1 h. The cell lysates were immunoprecipitated using anti-ApoER2 antibody and immunoblotted using anti-PSD95 antibody. E, levels of clustered ApoER2 and PSD95 were quantified using ImageJ software and plotted as fold induction to the untreated control. Data are mean Ϯ S.D.; n ϭ 3. **, p Ͻ 0.005; ***, p Ͻ 0.0005. F, primary neurons at day 21 were treated with Reelin for 1 h. The cell lysates were immunoprecipitated using anti-APP (C1) antibody and immunoblotted with anti PSD-95 antibody. ␣-Tub, ␣-tubulin. G, COS-7 cells were transfected with APP-HA and PSD-95-GFP constructs in the presence or absence of ApoER2 and treated with Reelin for 1 h. Cell lysate proteins were immunoprecipitated with anti HA antibody and immunoblotted with anti-ApoER2 antibody. Total levels of PSD-95 and ApoER2 were detected by GFP and ApoER2 antibodies. H, levels of clustered APP-HA and PSD-95-GFP in the presence or absence of ApoER2 were quantified using ImageJ software and plotted as fold induction to the untreated control. Data are mean Ϯ S.D.; n ϭ 3. *, p Ͻ0.05; **, p Ͻ 0.005. I, COS-7 cells were transfected with APP-HA and ApoER2 or ApoER2-HA and PSD-95-GFP constructs and treated with ApoE3 (E3) and ApoE4 (E4) for 1 h (5 g). Cell lysate proteins were immunoprecipitated with anti HA antibody and immunoblotted with anti-ApoER2 or anti-GFP antibody. J, primary neurons at day 21 were treated with ApoE3 and ApoE4 for 1 h. The cell lysates were immunoprecipitated using ApoER2 antibody and blotted with anti-APP (C1) antibody or with anti PSD-95 antibody. K, COS-7 cells transfected with ApoER2-HA and VLDLR-myc-tagged constructs were treated with F-spondin and Reelin for 1 h. The cell lysates were immunoprecipitated with anti-HA antibody and immunoblotted with anti-myc antibody.
here suggests that the receptors may mediate separate signaling cascades important for specific migration functions. These functions could be mediated through different intracellular adaptor proteins that bind to VLDLR or ApoER2, such as JNKinteracting protein to ApoER2 or Lis1 to VLDLR (10) .
We found that ApoER2 lacking its cytoplasmic domain clustered with full-length ApoER2, which was not unexpected, and that ApoER2 lacking the extracellular ligand binding domain clustered with full-length ApoER2, which was unexpected. Clustering of receptors occurs in cellular microdomains such as lipid rafts (74) and can, thus, involve many proteins beyond the ligand-bound receptors that are clustered. Ephrin receptors can be induced by ephrin to cluster with versions of the receptors lacking kinase activity, the entire cytoplasmic domain, or the receptor hetero-oligomerization domain (34) . Similarly, EGFR can be clustered in the absence of its cytoplasmic domain (33) . We propose that binding of Reelin or F-spondin can promote clustering of full-length ApoER2, which then forms clusters with other mutants of ApoER2 to form large complexes. Preliminary results from phosphorylation studies suggest that the ApoER2 HA⌬ICD and the ApoER2-⌬LBD cluster and have a higher basal level phosphorylation of ApoER2 compared with full-length constructs. Our data suggest that APP and PSD-95 may also be part of these clusters. These proteins, like ApoER2, are synaptic proteins (31, 32, 75, 76) and may comprise part of a complex of postsynaptic molecules.
APP and its homologues share a number of both extracellular and intracellular interacting proteins with the family of lipoprotein receptors containing ApoER2 and VLDLR (77) . Both families are type I transmembrane proteins with signaling functions. Both also undergo regulated extracellular and intramembranous cleavages (30) . Members of the APP and lipoprotein receptor families are synaptic proteins playing roles in modulating neuronal migration (8, 78, 79) . Understanding the ways in which each family affects the expression, cleavage, and interactions of the other will be vital to understanding the functions of these proteins in the developing brain and in the aging brain.
ApoER2 affects LTP in hippocampal neurons through interactions with Reelin (80) . ApoER2 modulation of LTP requires the ApoER2 cytoplasmic domain, specifically the alternatively spliced exon 19 (3) . Fc-RAP also enhances LTP induction in hippocampal neurons (43) , suggesting that a multivalent ligand of ApoER2 is important for synaptic plasticity. ApoER2 exon 19 binds PSD-95 as well as an NMDA receptor subunit and modulates NMDA receptor conductance (3, 18) , which may contribute to the mechanism of LTP modulation. These effects seem to continue throughout life because exogenously applied Reelin has long lasting effects on learning and synaptic plasticity in adult mice (80) .
ApoE is another ligand for ApoER2 and VLDLR. Each of the three isoforms of human apoE (E2, E3, and E4) bind to ApoER2 (81, 82) . Both ApoE3 and ApoE4 induced clustering of ApoER2, but the clustering was significantly less than that induced by F-spondin or Reelin. Thus, ApoE may not be a strong clustering ligand for ApoER2. It is also possible that recombinant ApoE, which we used, may function differently than apoE associated with lipoprotein particles. In the presence of human plasma HDL, we observed that ApoE3 promoted more ApoER2 clus-tering. It will be important to test the effects of ApoE on lipoproteins found in the brain, i.e. lipoproteins secreted from glia or those present in cerebrospinal fluid. Furthermore, it will be interesting to test whether induction of ApoER2 clustering correlates with the induction of intracellular signaling cascades.
ApoE is thought to also induce signaling through its receptors. ApoE induces phosphorylation of the AKT and ERK pathways and inhibition of the JNK pathway (83) (84) (85) . Activation of the AKT and ERK pathways was through the LRP1 receptor (83) . A tandem repeat ApoE mimetic peptide also induced phosphorylation of Dab-1 independent of effects on ERK and AKT signaling (84) . ApoE signaling may also inhibit normal Reelin signaling (19) . Our data suggest that various signaling ligands should be considered in light of their ability to promote homotypic and heterotypic ApoER2 clustering.
In summary, our data demonstrate that several multivalent ligands for ApoER2 induce clustering in transfected cells and primary neurons. This clustering was not wholly dependent on either the extracellular ligand-binding domain of ApoER2 or the cytoplasmic domain. However, clustering by Reelin and F-spondin included complexes containing other synaptic molecules, such as APP and PSD-95. The regulation of clustering of type I transmembrane proteins, such as ApoER2, may be important as the initial step in the downstream signaling important in developmental and neuronal plasticity pathways.
